LlPR-10.2B, a Pathogenesis-related class 10 (PR-10) protein from yellow lupine (Lupinus luteus) was crystallized in complex with melatonin, an emerging important plant regulator and antioxidant. The structure reveals two molecules of melatonin bound in the internal cavity of the protein, plus a very well-defined electron density near the cavity entrance, corresponding to an unknown ligand molecule comprised of two flat rings, which is most likely a product of melatonin transformation. In a separate LlPR-10.2B co-crystallization experiment with an equimolar mixture of melatonin and trans-zeatin, which is a cytokinin phytohormone well recognized as a PR-10-binding partner, a quaternary 1 : 1 : 1 : 1 complex was formed, in which one of the melatonin-binding sites has been substituted with trans-zeatin, whereas the binding of melatonin at the second binding site and binding of the unknown ligand are undisturbed. This unusual complex, when compared with the previously described PR-10/trans-zeatin complexes and with the emerging structural information about melatonin binding by PR-10 proteins, provides intriguing insights into the role of PR-10 proteins in phytohormone regulation in plants, especially with the involvement of melatonin, and implicates the PR-10 proteins as low-affinity melatonin binders under the conditions of elevated melatonin concentration.
Databases Atomic coordinates and processed structure factors corresponding to the final models of the LlPR-10.2B/melatonin and LlPR-10.2B/melatonin + trans-zeatin complexes have been deposited with the Protein Data Bank (PDB) under the accession codes 5MXB and 5MXW. The corresponding raw X-ray diffraction images have been deposited in the RepOD Repository at the Interdisciplinary Centre for Mathematical and Computational Modelling (ICM) of the University of Warsaw, Poland, and are available for download with the following Digital Object Identifiers (DOI): https://doi.org/10.18150/repod.9923638 and https://doi.org/10.18150/repod.6621013.
Introduction
Biotic and abiotic stress evokes a number of defense responses in plants, which include inter alia oxidative burst [1] , secretion of defense molecules called phytoalexines, or induction of the expression of specific genes that encode pathogenesis-related (PR) proteins [2] , currently divided into 17 classes [3] . While members of most of these classes have well-defined biological function, the small (~17 kDa) PR proteins of class 10 (PR-10) are rather exceptional because no unique function can be assigned to them. They are mainly cytosolic (unlike other PR proteins), have acidic pI, and are induced in response to such stress factors as copper, UV radiation, draught, salinity, wounding, or senescence. They are upregulated by some hormones, for example, abscisic acid or salicylic acid [4] [5] [6] [7] [8] . Some PR-10 proteins have been reported to have antimicrobial activity [4] as well as storage [9] or antifreeze function [10] . A recent study [11] suggested that some PR-10 proteins might exhibit specific aldo/keto reductase activity, capable of reducing toxic aldehydes, formed during ROS lipid peroxidation. PR-10 members are usually encoded by multigene families and many isoforms may be present in a single plant, which could be the basis of their functional diversification [12] .
Regardless of the differences in their reported activities, all PR-10 have a common fold. This folding pattern, originally discovered in Bet v 1, a white birch (Betula verrucosa) pollen allergen [13] , is now so well established that the use of the term "PR-10 proteins" has shifted, somewhat inappropriately, to also encompass plant proteins with PR-10-type structure, for which no experimental demonstration of involvement in plant pathogenesis exists.
The canonical PR-10 fold consists of a large sevenstranded antiparallel b-sheet gripped in a baseball glove fashion around a long C-terminal helix (a3), supported at its very C-terminus by a V-shaped fork of two short helices (a1, a2). This "hovering" position of helix a3 over the curved b-sheet, with its progression of "fingertip" loops L3, L5, L7, and L9, creates an internal cavity of variable shape and size, but usually very large [14, 15] , with two entrances into the outer environment, E1 and E2 ( Figure 1A) . In a number of crystallographic studies, the PR-10 cavity was found to bind various small-molecule ligands, mostly plant hormones. The first phytohormones considered in this role were cytokinins, and indeed a PR-10 subgroup called cytokinin-specific binding proteins (CSBP) were identified [16] and confirmed [17] to bind trans-zeatin. Later, however, the CSBP proteins were found to bind gibberellic acid even better and more specifically, and were accordingly renamed phytohormone-binding proteins (PhBP) [18] . Specific cytokinin binding was confirmed, however, for another PR-10 member, the Medicago truncatula nodulin MtN13 [19] , involved in root nodulation of this symbiotic legume plant. There are also PR-10 proteins that are capable of binding multiple copies of cytokinin ligands within the internal cavity, thus suggesting a role as cytokinin reservoirs, as has been illustrated by the crystal structures of the yellow lupine isoforms LlPR-10.1A and LlPR-10.2B.
Proteins with PR-10 fold were also shown to bind other phytohormones, for instance brassinosteroid analogs [20] or abscisic acid [21] , as well as molecules, such as flavonoids, which are related to stress response [20, 22] .
The PR-10 cavity can be shallow (type I), capable of specific binding of usually one ligand molecule, as found in PR-10-fold proteins with regulatory function (e.g., PhBP, major latex proteins, abscisic acid receptors, or MtN13), or it can be extended (type II) and capable of unspecific binding of more than two ligand molecules (thus suggesting transport/storage functions), as found in classic PR-10 proteins [23] [24] [25] . Moreover, in the case of Hyp-1, a PR-10 protein from Fig. 1 . The structure of LlPR-10.2B in complex with melatonin, with secondary structure elements labeled. Melatonin (pink) is in ball-andstick representation whereas the UNL ligand is marked by dummy water molecules (magenta) modeled in F o -F c OMIT map (green) contoured at 3.0r. The protein is shown in ribbon (A) and in surface (B) representation. Zoom-in of the UNL-binding pocket is presented in (C), with positively and negatively charged areas of its surface colored blue and red, respectively. St John's wort (Hypericum perforatum), it has been shown that the cavity (type III) is in fact divided into three separated sites capable of binding chemically diversified ligands in well conserved positions [26] .
LlPR-10.2B, the object of this study, is one of nine PR-10 isoforms that have been identified in yellow lupine [27] . These isoforms are divided into two subclasses based on amino acid sequence [27] . They have been studied by X-ray crystallography in free form (LlPR-10.1A [28, 29] , LlPR-10.1B [28] , LlPR-10.2A [30] ) and in complex with natural (trans-zeatin, ZEA) or artificial (1,3-diphenylurea, DPU) cytokinins (LlPR-10.1A/ZEA [29] , LlPR-10.2B/ZEA [31] , LlPR-10.2B/ DPU [32] ). All these structures exhibit type II cavity, as they can accommodate two or more ligand molecules, largely via hydrophobic interactions. The level of LlPR-10.2B in the plant is affected by oxidative stress, wounding, and salicylic acid treatment, and also depends on the developmental stage, for example, is elevated in senescing leaves [33] .
The growing list of plant mediators, mostly phytohormones, that can be bound by various PR-10 proteins, has prompted us to investigate the PR-10 affinity for melatonin (MEL), which can act as both a phytohormone and antioxidant, and which is a relatively recent addition to the catalog of recognized plant mediators. This evolutionarily conserved molecule, found in nearly all organisms, is a highly potent antioxidant, which is its primary and ancient, receptorfree function [34, 35] . One molecule of melatonin can eliminate up to ten reactive species in a scavenging cascade reaction [36] . This complex process involves many steps, pathways and metabolites, which are equallyor even more-potent scavengers than melatonin itself. The list of those metabolites includes cyclic 3-hydroxymelatonin, 6-hydroxymelatonin, N1-acetyl-N2-formyl-5-methoxykynuramine (AFMK), N1-acetyl-5-methoxykynuramine (AMK), AMK oligomers, as well as uncharacterized degradants [35] [36] [37] [38] [39] .
The antioxidant function of melatonin has been demonstrated in a number of plants. The effect of enhanced survival and vegetative development under stress conditions is seen not only with exogenous melatonin; also the endogenous levels of the hormone are elevated in abiotic stress conditions, such as thermal shock, UV radiation, draught, copper, and other heavy metals [34, 38] . In particular, Lupinus albus plants treated with several chemical stressors or subjected to pH, cold, anaerobic, or draught stress increased their melatonin levels up to 12 fold, whereas exogenous melatonin alleviated the effect of these factors [40] . Interestingly, melatonin acts as an antioxidant not only directly but also through up-regulation of antistress genes [41] . Melatonin also appears to enhance survival in biotic stress by regulating the innate plant immunity [42, 43] .
Apart from being the most effective free radical scavenger, melatonin has different receptor-dependent functions in plants. In L. albus it promotes the growth of etiolated hypocotyls and cotyledons acting similarly to auxin, or induces rhizogenesis [44] [45] [46] , an effect also confirmed in other species [47, 48] . It also promotes lateral root growth by inducing a group of genes that are unrelated to auxin-induced genes [49] . Apart from growth regulation, melatonin delays leaf senescence, acts as a chronoregulator, and regulates floration [37, 47, 48] .
Because of its regulatory functions and ability to act at low concentration, melatonin is considered to be a plant hormone. However, the observations of widely different concentration levels, ranging from nanomolar to micromolar, in individual species and tissues under different physiological conditions, contradict the phytohormone role [50] . Hardeland proposed a way out of this dilemma by postulating the existence of lowaffinity binding sites, which would take over the signaling function when the high-affinity binding sites are saturated [50] .
Like PR-10 proteins, melatonin in plants seems to have pleiotropic functions, many of which are related to biotic and abiotic stress. Because of the broad functional correlation between melatonin and the PR-10 proteins, we decided to investigate the structural aspects of possible complex formation between these biomolecules. The first plant protein studied in complex with melatonin was Hyp-1 [26] , a PR-10 protein from H. perforatum [51, 52] . The crystal structure of the Hyp-1/melatonin complex revealed that the hormone was bound at the three binding sites of the type III cavity.
In the present work, we studied a classic PR-10 protein, LlPR-10.2B from L. luteus, from the point of view of its ability to form a complex with melatonin, also in competition with trans-zeatin. We were able to crystallize LlPR-10.2B in complex with melatonin (LlPR-10.2B/MEL, M) and as a mixed complex with melatonin and trans-zeatin (LlPR-10.2B/MEL/ZEA, MZ), and present the crystal structures of these complexes together with a discussion of possible involvement of PR-10 proteins in melatonin binding in plants.
Our results are particularly exciting in view of the recent findings that melatonin is able to increase transzeatin levels [53] in plants; the complexes of LlPR-10.2B could provide an explanation of the molecular basis for this phenomenon. Moreover, our results not only confirm the binding between the two functionally correlated partners, LlPR-10.2B and melatonin, but also reveal that the protein is either able to specifically bind an unidentified product of melatonin transformation or itself promotes this transformation.
Results and Discussion
Crystallographic screening for LlPR-10.2B ligands
The crystallization conditions for the LlPR-10.2B/ MEL complex (M) were found using several commercial screens (Peg/Ion I and II, Crystal Screen I and II; Hampton Res.) and, as in the case of the LlPR-10.2B/ ZEA complex (Z) [31] , the best crystals grew in the presence of high concentrations of sodium citrate at slightly acidic pH. LlPR-10.2B appeared to be promiscuous in ligand binding, as it formed crystalline complexes not only with MEL but also with ZEA (PDB ID 2QIM, here Z complex; [31] ), DPU (3E85, [32] ), as well as with NAR, QUE, VIT, 2iP, and CCPU, the latter two complexes with rather poor ligand electron density, indicative of ligand disorder (Sliwiak, unpublished results). Despite this promiscuity, it was not possible to obtain crystalline complexes with other indole-based ligands, such as SER, 2HM, or IAA.
The interactions between LlPR-10.2B and most of the ligands used in the co-crystallization screens (if allowed by solubility and spectral properties) were also tested by biophysical methods, such as microscale thermophoresis (MST) (Monolith NT.115; NanoTemper) and microcalorimetry (ITC) (MicroCal 200; Malvern). A measurable heat effect was only detected upon calorimetric titration of LlPR-10.2B with ZEA and 2iP, but it was too weak for unambiguous binding constant determination. Thus, crystallization screening after protein incubation with each of the designated ligands was the method of choice for identifying the binding partners. A similar approach has been reported recently by Schiebel et al. [54] , who found out that six prescreen biophysical methods missed as many as 44% of crystallographically discovered smallmolecule ligands.
Moreover, despite numerous attempts, it was not possible to obtain crystals of ligand-free LlPR-10.2B protein, which strongly suggests that its fold is unstable without a cargo molecule. It is of special note that when screening for complex formation of two other yellow lupine PR-10 isoforms representing subclass 1, namely LlPR-10.1A and LlPR-10.1B, with the same repertoire of ligands (except 2HM, SER, MeJa, and VIT), we could only obtain a crystalline complex of LlPR-10.1A with ZEA [29] and only the ligand-free form of LlPR-10.1B. On the other hand, another PR-10 member, the Hyp-1 protein from H. perforatum [26] screened against the same repertoire of ligands (except DPU, CCPU, 2HM, VIT, and NAR, but extended by emodin and hypericin) produced a crystalline complex with MEL only, although it did form a crystalline complex with the artificial fluorescent dye ANS (8-anilino-naphthalene-1-sulfonate) [24, 25] .
Overall characterization of the LlPR-10.2B/MEL and LIPR-10.2B/MEL/ZEA structures The crystals of both complexes (M and MZ) have the same P6 5 symmetry as the crystals of the Z complex (PDB ID 2QIM), with similar unit cell dimensions (Table 1 ) and similar solvent content of~62%, corresponding to a Matthews volume of 3.2 A 3 /Da. The crystals of both complexes diffracted X-rays to relatively high and similar resolution of 1.51 (M) and 1.57 A (MZ). After molecular replacement (with 2QIM as a model) their structures were refined to the final R work / Table 1 ). The excellent electron density allowed unambiguous tracing of the main chain and the side chains, except residues Pro91 and Asp92 of loop L7 in the LIPR-10.2B/MEL/ZEA complex (MZ), where owing to their high mobility, the side-chain atoms of Asp92 and the whole Pro91 residue were deleted from the model. Although it was possible to model all the side chains of that loop in the M complex, the high values of the atomic displacement parameters indicate a significant degree of mobility of the L7 loop in this case as well. The MZ and M models lack, respectively, one and two C-terminal residues (no electron density) of the polypeptide chain. It was possible to model ten (M) and five (MZ) residues in alternative conformations. As many as 149 and 148 water molecules were identified in the electron density maps of the M and MZ structures, respectively. In both structures, there is a sodium cation octahedrally coordinated in loop L3 by three carbonyl groups (of Pro31, Val33 and Ile37) and by three water molecules. Although in the Z complex (2QIM) [31] a calcium ion had been modeled at this site, the fact that there is significant negative F o -F c electron density around the purported calcium ion that disappears after substitution with a sodium ion, together with the presence of high sodium concentration in the crystallization buffer, strongly suggest that the model of metal coordination in loop L3 of the 2QIM model is in error and that a sodium cation should be modeled there as well. Most importantly, in the M complex structure, in addition to the single protein chain of LlPR-10.2B, there are two molecules of MEL present in the asymmetric unit (ASU) as well as a large patch of strong positive electron density that could not be unequivocally assigned to a concrete chemical entity. Instead, it has been denoted as an unidentified ligand (UNL) and marked with 19 dummy water molecules. On the other hand, in the MZ complex, the LlPR-10.2B protein is associated with one molecule of MEL and one molecule of ZEA, and there is also a similarly shaped UNL ligand, marked by 16 water molecules in its electron density. The ligand identification procedures are discussed in detail in the following section.
Ligand identification in the electron density

Melatonin identification in the electron density
In the M structure, two molecules of MEL were unambiguously identified in the electron density. One of them, denoted MEL deep , is buried deep in the protein cavity near helices a2 and a3 ( Figure 1A,B) . This melatonin ligand has very good electron density (Figure 2) and is characterized by a relatively low average B factor of 30. ). The second MEL molecule in the M complex (MEL E1 ) is bound near the E1 entrance to the protein cavity (Figure 1 ). The MEL E1 ligand is characterized by a higher <B> value (46.8 A 2 ) and poorer electron density, indicative of higher mobility and weaker anchoring by the protein (Figure 2) . Consistent with these observations, the MEL E1 ligand was easily replaced by a ZEA molecule (denoted ZEA E1 ) in the competitive crystallization assay. The binding of zeatin in the MZ complex seems to be tighter than of melatonin at the E1 site, as the <B> value of ZEA E1 in the MZ complex is 37.8 A
2
. The overall positions of MEL deep and MEL E1 in the binding cavity of LlPR-10.2B are similar to those of, respectively, ZEA1 and ZEA3 in the PDB 2QIM structure Z. However, the similarity is limited to the general placement of the ligand molecules, while their aromatic rings and tails do not coincide (Figure 2) .
It is of note that the electron density of the MEL deep ligand in both structures shows some indications of the pyrrole ring opening. It was even possible to model an AFMK molecule in this density ( Figure 3A) . However, this interpretation was not included in the final model, as upon trial structure refinement the occupancy of AFMK dropped below 0.3, too low for reliable modeling at this resolution. The N2 atom of MEL deep is hydrogen-bonded to a water molecule which overlaps the formyl substituent of the putative AFMK model ( Figure 3A) .
No indication of the pyrrole ring opening is observed in the electron density corresponding to the MEL E1 molecule (Figure 2 ), but this effect there could be masked by the higher mobility of this ligand.
The electron density of the N1-acetyl group of MEL deep is also suggestive of two conformations (Figure 2) . However, also in this case, an attempt to model the alternative conformation resulted in marginal occupancy.
Zeatin identification in the MZ complex
In the structure of the complex formed upon cocrystallization of LlPR-10.2B with ZEA and MEL at equal concentrations, the MEL E1 ligand from the M complex was replaced with a ZEA molecule, while the MEL deep ligand has evidently a much higher affinity for its binding site as its binding was unperturbed.
Although the electron density of the ZEA E1 molecule in this hybrid complex is not perfect, the identity of the ZEA E1 ligand is corroborated by the observation that it has identical position as the corresponding ZEA3 ligand in the LlPR-10.2B/ZEA complex 2QIM (Figure 2) , which is similarly stabilized by stacking interactions with Phe57 and Arg138. These interactions do not occur in the case of the MEL E1 molecule in the M complex. Moreover, the absence of the MEL E1 ligand in the MZ complex has influenced the protein interactions of the MEL deep ligand, as discussed in the section "Weaker binding of ZEA and MEL in the MZ complex".
The unknown UNL ligand
In both complex structures (M and MZ), there is an extended island of strong electron density (Figure 2 ) located within the lumen of the E2 entrance (Figure 1C) , which in the case of the MEL complex M has a well-defined shape suggesting two flat and parallel rings connected by a short bridge at an angle of~120°( Figure 3B ). One of the rings has two evident substituents, a short one and a long one (Figure 2 ). In the case of the hybrid MZ complex, this density is generally similar albeit evidently deformed (Figure 2) , most likely because of competitive binding of ZEA molecules. However, it was not possible to model the latter ligand with reasonable occupancy at this site, even though the UNL electron density overlaps the ZEA2 and ZEA4 sites of the Z complex [31] . The UNL electron density in structure M is bigger and better defined than the patch of unidentified electron density reported in the Hyp-1/MEL complex (PDB ID 5I8F, [26] ), which in addition has a different location in the protein cavity, as described in the section "Comparison of melatonin complexes of LlPR-10.2B and Hyp-1".
The presence of two melatonin molecules in two conformations at the UNL-binding site could be ruled out during structure refinement, as 0.5 ligand occupancy within the patches of flat electron density resulted in very high positive peaks in the F o -F c map, suggesting that the entire density belongs to one fulloccupancy entity.
The level of the positive F o -F c signal of the UNL molecule remained unchanged after prolonged X-ray exposure, strongly indicating that the unknown ligand molecule had existed in the crystal before X-ray data collection. The results of the diffraction experiments are highly reproducible, as the same electron density of the UNL molecule was observed in numerous LlPR-10.2B/MEL structures derived from crystals grown using different protein preparations. We also tested the behavior of samples of pure melatonin subjected to high doses of X-ray radiation. As reported previously [26] , the 1 H NMR spectra of melatonin irradiated with X-ray doses up to 10 times higher than those absorbed during a diffraction experiment, showed no indication of any chemical change. The possibility that the uninterpretable electron density corresponded to a bacterial metabolite that was accidently bound to the recombinant protein during expression could be ruled out as co-crystallization of the LlPR-10.2B protein with ZEA alone resulted in only a pure Z complex [31] , in which the UNL site at the E2 entrance is occupied by two clearly defined ZEA molecules (ZEA2 and ZEA4). Identification of the nature of the UNL ligand is the aim of an ongoing project. So far, our attempts at its molecular mass estimation by electrospray ionization mass spectrometry gave inconsistent and irreproducible results.
From the hint that the crystal structure could comprise at the MEL deep site a fraction of melatonin molecules with opened pyrrole ring, one can speculate that the UNL molecule could also be a melatonin derivative. The pyrrole ring cleavage pathway of MEL metabolism leads to the formation of two methoxylated kynuramines, AFMK and AMK [55] . AFMK is deformylated to AMK via a photochemical mechanism or in an enzymatic reaction. AMK itself is more reactive owing to its free amino group and is also a much better free-radical scavenger than AFMK, thus possibly contributing to the antioxidant properties of its MEL precursor. The reactions of AMK with free radicals can be very complex and numerous products are possible [56] . AMK can even react with atmospheric reactive nitrogen species (RNS) despite their low abundance in the air, producing 3-acetamidomethyl-6-methoxy-cinnolinone (AMMC), N1-acetyl-5-methoxy-3-nitrokynuramine (AMNK), or N-[2-(6-methoxyquinazolin-4-yl)-ethyl]-acetamide (MQA) [57] . Moreover, AMK is also likely to form azo-bridged oligomeric adducts [58] .
As it was not possible to successfully model the UNL density by any of the potential AMK derivatives or adducts reported in the literature, for the sake of the structure refinement and to mark the UNL ligand location, dummy water molecules were modeled in this area and included in the final deposited coordinate file. They were refined with relatively low average B factors (as compared with other, genuine water molecules), 45.8 A 2 in complex M and 43.9 A 2 in complex MZ. Taking into account that oxygen atoms (water) are heavier than most atoms (C) of an organic molecule, one can speculate that the UNL ligand is well anchored in its binding site.
Ligand binding
MEL deep
The MEL deep molecule buried in the deep binding site within the LlPR-10.2B cavity has no contact with the outer environment ( Figure 1B) and is attached to the protein through inter alia a hydrogen bond between the hydroxyl group of Tyr82 and the O2 atom of the acetyl group of melatonin ( Figure 4A ). Tyrosine at this position is also interacting with the ZEA2 molecule in the Z complex (2QIM, [31] ), which together with the ZEA4 molecule is displaced by the UNL ligand (see section 'The UNL-binding site') in our crystallization assays. Thus, MEL deep not only competes with ZEA1, directly displacing this molecule from its binding site, but also competes with ZEA2 for binding to Tyr82, even though the ZEA2 binding site has a different location (near the E2 entrance). Tyr82 seems to play a crucial role in ligand recognition in lupine PR-10 isoforms, as it also interacts with the ligand in the LlPR-10.1A/ZEA complex (4RYV, [29] ) and stabilizes the free form of LlPR-10.2A by creating a hydrogen bond with a carbonyl group from helix a3, thereby pulling this ligandrecognition helix toward the floor of the cavity (1XDF, [30, 32] ). Moreover, Tyr at this position is also crucial for cytokinin recognition by M. truncatula noduline MtN13 (4JHH, 4JHG, 4JHI, 4GY9, [19] ).
MEL deep is also involved in a network of water bridges with the carbonyl groups of Leu22 and Leu78, as well as with the hydroxyl group of Thr101. In addition, it creates hydrophobic contacts with Tyr9, Val23, Thr101, Val115, Phe142, and Phe143. The ZEA1 ligand in the Z complex (2QIM), which occupies the general area of MEL deep , is anchored at its hydroxyl group by hydrogen bonding with His68 and Tyr80 ( Figure 4A ). However, its aromatic purine ring, containing four nitrogen atoms, is more polar than the indole ring of melatonin, making the hydrophobic interactions of ZEA1 less important than in the case of MEL deep . Analyses of ligand-protein interactions are often focused on hydrogen bonding and other electrostatic-type interactions; however, in many reported cases of ligand binding, even comparatively strong hydrogen bonds can be outbalanced or replaced by a system of favorable hydrophobic interactions [59] . Thus, the relatively strong hydrophobic interactions of the MEL deep molecule with the protein could be vital for its successful competition with ZEA1.
MEL deep also interacts directly with MEL E1 through hydrogen bonding between the O2 atom of its acetyl group and the N1-H donor of MEL E1 .
MEL E1
The MEL E1 molecule (or its ZEA E1 replacement in the MZ complex) has contact with the outer environment through the E1 entrance ( Figure 1B) . Apart from the direct hydrogen bond with MEL deep , MEL E1 forms hydrophobic contacts with Val34, Leu55, Phe57, Arg138, Ala141, and Phe142 ( Figure 4B ). Moreover, it has water-mediated hydrogen bonds with Tyr9, Thr36, and Ala135. The high temperature factors and poor electron density of this ligand indicate that its anchoring interactions are rather weak.
ZEA E1
Most interactions of ZEA E1 with the protein are the same as in the case of the ZEA3 molecule in the Z complex; ZEA3 and ZEA E1 , are stabilized by a hydrogen bond between the purine N9 atom of zeatin and Oe2 of Glu59, by the same stacking interaction in a molecular vise motif formed by the jaws of Phe57 and Arg138 ( Figure 4B ), and they also create similar water bridges with the protein residues Thr36, Ile58, His68, and Arg138. It is important to note that the MEL E1 ligand forms neither these stacking interactions nor the hydrogen bond with Glu59, thus explaining the replacement of MEL E1 by ZEA E1 in our competitive crystallization test. Although ZEA E1 from the MZ complex is in the same position as the ZEA3 molecule in the Z complex, the conformation of their isoprenoid chains is slightly different, as in the latter case the conformation is more relaxed (Figure 5A,C) . Moreover, in the MZ complex, the C14-H donor of ZEA E1 forms a hydrogen bond with the O2 atom of MEL deep , whereas in the Z complex the C14 atom of ZEA3 has a van der Waals contact with the C10 atom of the ZEA1 molecule ( Figure 5A ).
Weaker binding of ZEA and MEL in the MZ complex
In the MZ complex, where there is no MEL E1 molecule, the hydrogen bond between the hydroxyl group of Tyr82 and the O2 atom of MEL deep is weakened, as the O. . .O distance increases from 2.8 A (in the M complex) to 3.3 A (in the MZ complex) ( Figure 5B ). In other words, that replacement of the MEL E1 ligand with a ZEA molecule simultaneously weakens the docking interaction of the MEL deep ligand at the protein. Interestingly, the same situation is encountered at the ZEA E1 (ZEA3) ligand, as in the MZ complex a weakening of the direct ZEA3 N9. . .Oe2 Glu59 hydrogen bond is observed, with the N. . .O distance increasing from 2.7
A (Z) to 3.4 A (MZ) ( Figure 5C ). One can thus conclude that the co-existence of both ligand molecules, ZEA E1 and MEL deep , in the binding cavity of LlPR-10.2B weakens the direct hydrogen bonds of each ligand with the protein, as compared to the pure complexes.
The UNL-binding site
The UNL ligand connects to the outside world through the E2 entrance ( Figure 1B ). In particular, its two flat rings stick in the E2 entrance between helix a3 and strand b1, whereas the tail of its electron density protrudes from the lumen of the entrance (Figure 1C) . The shapely electron density of this unknown ligand, especially in the M complex, makes it possible to determine its position and predict its contacts with the proteins. The UNL molecule is likely to form hydrophobic contacts with numerous residues near the E2 entrance, such as Phe5, Asp7, Ile97, Ile117, Ile119, Gly132, Lys133, Ala135, and Lys136 ( Figure 4C) . Moreover, the shorter substituent at one of the UNL flat rings seems to form a water-bridged interaction with the hydroxyl group of Tyr9 and the O2 atom of MEL E1 . All these interactions of UNL, whose shape matches the shape of its binding site surprisingly well ( Figure 1C) , must be sufficiently strong to provide advantage over the ZEA2 and ZEA4 molecules in the competition test. However, the somewhat less elegant shape of the UNL electron density in the MZ complex could indicate that some minor competition from the ZEA ligand is possible. The Asn7 side chain, which forms a characteristic fork-like hydrogen bond with the N6 and N7 atoms of ZEA2 in the Z complex, is pushed away, outside of the E2 entrance in the M and MZ complexes, and triggers additional conformational changes at the Tyr9 and Lys136 side chains (see the section below). The ZEA4 molecule, which is outside the cavity boundary and makes hydrophobic contacts with residues in helix a3 and in the b-sheet of an adjacent protein molecule, is replaced in the MZ complex by the long tail of the UNL ligand ( Figure 4C ).
LlPR-10.2B conformation in the M, MZ and Z complexes
The protein fold of the LlPR-10.2B models M and MZ is very similar, with an RMSD value for their Ca superposition of 0.17
A. Both these models superpose with the Ca coordinates of LlPR-10.2B from the Z complex with an RMSD of 0. 30 A. The structural differences between the M and MZ models and the Z model are found mainly in the conformation of the side-chains of three residues, Asp7, Lys136, and Phe143, located in strand b1 and helix a3, which are gating the E2 entrance and are pushed out of the internal cavity when the protein binds the MEL deep and UNL ligands. This widens the lumen of the E2 entrance and expands the volume of the binding cavity. Since MEL deep is bound closer to helix a3 than the ZEA1 ligand in complex Z, Phe143 is no longer able to protrude into the protein interior and its aromatic ring is wedged between b1 and a3, inducing a conformational change in loops L1 and L8 ( Figure 6A ). At the same time, Asp7 and Lys136, which in the Z complex adorn the E2 entrance, in the M and MZ complexes are oriented toward the outer environment. This change seems to be a consequence of the absence of the fork-like interaction between ZEA2 (atoms N6 and N7) and the carboxylic group of Asp7. One can speculate that a hydrophobic UNL molecule would push the Asp7 side chain outside of gate E2.
The volume of the internal cavity of the LlPR-10.2B protein is very large, estimated by SPACEBALL [14, 15] at~2400 A 3 for both M and MZ. In the Z complex 2QIM it is~200 A 3 smaller, reflecting the above rearrangements.
The situation described in this paper is not the first case of evident cooperation of residues from helix a3 and strand b1 in ligand recognition, with consequences visible in the shape of the PR-10 cavity, as a similar structural cooperativity of residues near the E2 entrance was also described for the yellow lupine LlRP-10.1A isoform [29] .
Comparison of melatonin complexes of LlPR-10.2B and Hyp-1 LlPR-10.2B is quite promiscuous in ligand binding, as it forms crystalline complexes not only with melatonin but also with biologically relevant ligands from two other unrelated groups, cytokinins and flavonoids. The only other PR-10 protein (or any plant protein, for that matter) known to bind melatonin is Hyp-1 from H. perforatum [26] . The mode of melatonin binding is quite different in these two proteins, as the shapes of their binding cavities are distinctly different. LlPR-10.2B represents the PR-10 subclass with a large, expanded type II cavity, whereas Hyp-1 represents proteins with tripartite type III cavity. Consequently, A) shows that the position of the buried MEL deep melatonin molecule is similar to the position of the UNL2 ligand from the Hyp-1/MEL complex, which, in contrast to MEL deep , has access to the outer environment, as the E2 entrance in Hyp-1 is near the C-end of helix a3, rather than near the Nterminal part, as is the case in LlPR-10.2B (Figure 6B) . Moreover the UNL2 ligand of Hyp-1 is highly disordered, while MEL deep has very well-defined electron density. The poorly docked MEL E1 ligand from the LlPR-10.2B/MEL complex, on the other hand, occupies the site corresponding to the position of the MEL1 molecule in the Hyp-1/MEL complex, which is the best ordered ligand in that structure. MEL3, docked in the surface invagination of Hyp-1, has no equivalent in the LlPR-10.2B/MEL complex, as this superficial binding site is unique to Hyp-1-type proteins. On the other hand, the UNL ligand from the LlPR-10.2B structures has no counterpart in the Hyp-1/MEL complex as it is bound near the E2 entrance, which has a different location in Hyp-1.
Conclusions and outlook
Increased levels of melatonin in plants are temporally and spatially correlated with PR-10 expression patterns, for example, during senescence, upon wounding, or in stress. Moreover, melatonin upregulates salicylic acid, abscisic acid and ethylene signaling-related genes, and PR-10 expression is induced by these phytohormones. In view of the above correlations, PR-10 members appear to be very good candidates as low-affinitybinding sites for melatonin in conditions of stress, when the levels of this molecule are high. The very well defined electron density of the MEL ligands in the binding cavity of the lupine LlPR-10.2B protein reported in this work, as well as in the Hyp-1 protein from St John's wort (5I8F), lend strong support to this hypothesis. Moreover, competitive co-crystallization assays show that melatonin can successfully compete for PR-10 binding with cytokinins, which are well established PR-10-binding ligands. Using the example of the LlPR-10.2B MZ complex structure, one can also conclude that simultaneous presence of both ligands in one binding cavity weakens their direct interactions with the protein and facilitates the binding of another MEL or ZEA molecule, depending on their molar ratio. From this perspective, the LlPR-10.2B protein could be viewed as a switchable melatonin binder, becoming melatonin reservoir/carrier in conditions of its increased levels, as well as a low-specificity receptor capable of cytokinin and melatonin recognition. Recent functional studies show that there is a physiological cross-talk between indolamines and cytokinins, and that melatonin can work by increasing trans-zeatin levels leading to shoot production [53] . High melatonin levels may displace trans-zeatin bound to PR-10 proteins, which have already been shown to act as a cytokinin reservoir [31] . Consequently, such a displacement could cause an increase in cytoplasmic trans-zeatin levels.
The elucidation of the nature of the UNL ligand found in the LlPR-10.2B complexes is the subject of an ongoing project. Its very well-defined electron density unambiguously indicates that it could be a melatonin derivative, either selectively scavenged from the environment or indeed formed with the participation of the LlPR-10.2B protein as the catalyst.
Materials and methods
Protein expression and purification
LlPR-10.2B was overexpressed from pET3a vector in BL21 (DE3) E. coli cells according to previously described procedure [60] with a few modifications. Specifically, the temperature of the bacterial culture, grown in LB media with shaking at 220 r.p.m., after reaching the OD 600 of~0.8 was lowered from 310 to 291 K. After induction with isopropyl b-D-1-thiogalactopyranoside (IPTG), the culture was grown for 19 h at 291 K and then harvested by centrifugation (15 min at 27 200 g, 277 K). The pellet, stored at 253 K, was resuspended in lysis buffer (50 mM Tris-HCl pH 8.0, with 10 mM EDTA) and sonicated (Ultrasonic Processor CV33, Fisher, 5 9 20 s bursts at 80% power). Cell debris was removed by centrifugation (30 min at 27 200 g, 277 K). The protein was precipitated with 80% ammonium sulphate and after resuspending was dialysed against 20 mM sodium phosphate buffer pH 7.5, containting 5% glycerol and 5 mM b-mercaptoethanol. The sample was clarified by centrifugation and loaded on DE52-cellulose. Fractionation was carried out by stepwise elution with increasing concentration (from 50 mM to 500 mM) of NaCl. Fractions eluted at 50, 100 and 200 mM were collected, concentrated to 5 mL and submitted two times to size exclusion chromatography on a HiLoad Superdex 200 16/ 60 column (GE Healthcare, Uppsala, Sweden, UK) equilibrated with a buffer composed of 50 mM Tris-HCl pH 8.0 and 150 mM NaCl. LlPR-10.2B-containing fractions were combined and dialyzed against 3 mM sodium citrate pH 6.3, and concentrated to 15 mgÁmL À1 prior to crystallization. The yield of recombinant LlPR-10.2B protein after purification was 40 mg of homogeneous preparation per 1 L of E. coli culture.
Co-crystallization trials
Concentrated protein was incubated for 1 h with melatonin (Sigma-Aldrich), derived from 0.2 M methanol stock, in 1 : 10 molar ratio. Screening for co-crystallization conditions was carried out using Crystal Screen I and II (Hampton Research) reagents by mixing 2 lL of protein with 2 or 4 lL of well solution in hanging drops equilibrated over 400 lL well solution. The best crystals of LlPR-10.2B/ MEL complex appeared in conditions containing 1.6 M sodium citrate pH 6.5. The conditions were optimized to 1.4 M sodium citrate pH 6.3, yielding large prisms with the dimensions of~0.3 9 0.1 9 0.1 mm ( Figure 7A ). The same commercial crystals screens were also used for co-crystallization screening with other ligands (purchased X-Ray data collection, structure solution and refinement As 1.4 M sodium citrate appeared to be sufficient cryoprotectant, no additional cryoprotection was used for data collection (at 100 K, provided by a cold jet of nitrogen gas). X-Ray diffraction data extending to 1.51 A (LlPR-10.2B/ MEL complex; M) and 1.57 A (LlPR-10.2B/MEL/ZEA complex; MZ) were collected, using synchrotron radiation provided by beamline 14.1 of the BESSY (Berlin) synchrotron in the case of the M complex, and by beamline I911-2 at MAX-lab (Lund) in the case of the MZ complex. The diffraction images were indexed and integrated, and the data were scaled, using the XDS program [62] . Both structures are of the same P6 5 space group as the structure of the LlPR-10.2B/ZEA (Z) complex (PDB code 2QIM, [31] ) and the protein coordinates of that structure were used as the starting model for molecular replacement calculations in Phaser [63] . In each case, manual adjustments of the model in the electron density (using Coot [64] ) alternated with rounds of automatic structure-factor refinement with maximum-likelihood targets carried out in Refmac5 [65] . Progress of the refinement was monitored and validated by R free , calculated for~1000 reflections set aside for this purpose. For both models, TLS parameters [66] were refined for five fragments of the protein chain. The ligand molecules were modeled in difference electron density maps phased by the protein component only. Stereochemical restraints for melatonin were generated from the coordinates deposited in the CSD [67] as MELATN01 [68] , whereas the model for ZEA was taken from the CCP4 library [65] . The atom numbering schemes of melatonin and trans-zeatin used in this work are presented in Figure 
